Background Chronic heart failure (CHF) is commonly associated with muscle atrophy and increased inflammation. Irisin, a myokine proteolytically processed by the fibronectin type III domain containing 5 (FNDC5) gene and suggested to be Peroxisome proliferatoractivated receptor gamma coactivator (PGC)-1α activated, modulates the browning of adipocytes and is related to muscle mass. Therefore, we investigated whether skeletal muscle FNDC5 expression in CHF was reduced and if this was mediated by inflammatory cytokines and/or angiotensin II (Ang-II).
Introduction
A hallmark of patients with chronic heart failure (CHF) is reduced exercise tolerance accompanied by skeletal muscle dysfunction, the latter being characterized by impaired contractility, enhanced immune activation, reduced muscle protein synthesis, and increased muscle protein degradation (reviewed by Okita, Kinugawa, and Tsutsui 1 ). In addition, a pro-inflammatory state 2 and elevated oxidative stress, 3 likely mediated in part by increased concentrations of angiotensin-II (Ang-II), 4 are also reported in skeletal muscle of patients and represent a primary mechanism of muscle atrophy. 5 This catabolic state frequently observed in CHF is not only restricted to skeletal muscle but also present in adipose tissue. 6 Indeed, in recent years, an interaction between adipose tissue and skeletal muscle has been recognized, 7 suggesting that a 'cross talk' between these tissues could be an important determinant of energy homeostasis, tissue atrophy, and therefore, exercise intolerance. Both adipose and skeletal muscle tissue secrete cytokines and other peptides, named adipokines and myokines, respectively, which contribute to tissue communication that is essential for metabolic homeostasis. 7, 8 For example, the myokine-termed irisin has been recently described. 9 Using gene expression arrays, a greater expression of several genes in mice overexpressing PGC-1α in skeletal muscle was observed, including a protein called fibronectin type III domain containing 5 (FNDC5). 9 It was suggested that PGC-1α activation and/or oxidative stress 10 regulates the expression of the membrane-bound FNDC5, 9 which is proteolytically cleaved and secreted into the circulation to form the hormone irisin 9 , the latter driving the transformation of white into brown/beige fat cells leading to an elevated energy expenditure consequent to increased mitochondrial uncoupling. 9, 11 This implicates irisin and its precursor FNDC5 as a key determinant of energy homeostasis, which is supported by skeletal muscle expression of FNDC5 correlating to exercise capacity in patients with CHF 12 while also to skeletal muscle mass.
13,14
The mechanisms for this lower FNDC5 expression, however, still remain unclear.
Collectively, these findings suggest that FNDC5 may be important for modulating tissue atrophy and energy metabolism. An elevated expression of FNDC5 has been documented in obesity, 15 but as of yet, it remains unclear whether the expression of FNDC5 in skeletal muscle in CHF is reduced with respect to controls, and if so, whether this is mediated by inflammatory cytokines and/or Ang-II. As such, the present study utilized experimental animal models and cell culture conditions, in order to investigate the influence of skeletal muscle FNDC5 expression consequent to the following: (i) CHF; (ii) recombinant injection of the pro-inflammatory cytokine TNF-α; (iii) recombinant infusion of Ang-II; and (iv) recombinant treatment of myotubes with pro-inflammatory cytokines [i.e. TNF-α, interleukin(IL)-1ß, and γ-interferon (IFN-γ)] or Ang-II.
Methods

Animal model with ischemic cardiomyopathy
All experimental protocols were approved by the Regierungspräsidium Leipzig (TVV 23/09, TVV 09/09). Wistar-Kyoto rats (2 months old;~250 g) either underwent left anterior descending artery (LAD) coronary artery ligation to induce myocardial infarction (LAD group; n = 14) or were sham operated (sham group; n = 13), as previously described. 16 Seven weeks following LAD ligation, heart failure was confirmed by echocardiographic measurements using a 12 MHz transducer connected to a Hewlett-Packard Sonos-5500 echocardiograph. 17 Rats were subsequently anesthetized, and the quadriceps muscle was harvested and frozen immediately in liquid nitrogen for further molecular analysis.
Angiotensin II animal model
C57/BL6 Apo E À/À mice (4 weeks old;~20 g) were anesthetized with inhaled isoflurane. Osmotic mini-pumps (Alzet Model 2004, Durect Corporation, Cupertino, CA, USA) were then inserted underneath the dorsal skin, delivering 1000 ng/kg/min Ang-II (Sigma, Taufkirchen, Germany; n = 18) in normal saline. Control mice (n = 11) received mini-pumps loaded with vehicle alone. Following 28 days of pump implantation, mice were sacrificed, and the quadriceps muscle was removed and immediately frozen in liquid nitrogen for subsequent molecular analysis.
Tumour necrosis factor-α animal model
Adult C57/BL6 mice (8 weeks old;~20 g) were injected intraperitoneally with recombinant TNF-α (Sigma; Taufkirchen, Germany; 100 ng/g body weight; n = 7) or with an equal volume of physiological saline solution (n = 6). Twenty-four hours after the injection, mice were sacrificed, and the quadriceps muscle was removed and immediately frozen in liquid nitrogen for subsequent molecular analysis.
Myogenic cell culture
C2C12 myoblasts were grown in DMEM (Biochrom AG, Berlin, Germany) supplemented with 10% foetal calf serum. Myoblast differentiation was initiated by replacing cell growth medium with differentiation medium (DMEM supplemented with 2% horse serum). Cells were allowed to differentiate for 4 days. Recombinant TNF-α (10 ng/mL), IL-1ß (50 ng/mL), IFN-γ (10 ng/mL), or Ang-II (100 ng/mL) were added to the cell culture medium, and cells were incubated for 24 h before RNA expression of FNDC5 or PGC-1α was analysed in the myotubes by reverse transcription (RT)-PCR. The effects of PD98059 (50 μmol/L; Calbiochem, La Jolla, CA, USA), a specific inhibitor of p42/44 mitogen-activated protein kinase (MAPK), 18 SB203580 (10 μmol/L; Calbiochem, La Jolla, Ca, USA), a specific p38-MAPK inhibitor, 19 chelerythrine (2 μmol/L; Sigma, Taufkirchen, Germany), a specific protein kinase C (PKC) inhibitor, 20 SP600125 (20 μmol/L; Sigma, Taufkirchen, Germany), a specific c-Jun N-terminal kinase inhibitor, 21 Akt inhibitor VIII (20 μmol/L; Sigma Taufkirchen, Germany), 22 and nifuroxazide (10 μmol/L; Santa Cruz, Heidelberg, Germany), a specific signal transducer and activator of transcription 3 (STAT-3) inihibitor 23 on FNDC5 expression, were tested by pre-incubating cells for 2 h before the addition of inflammatory cytokines.
For studying the impact of adenosine monophosphateactivated protein kinase (AMPK) activation on FNDC5 mRNA FNDC5 expression in skeletal muscle in chronic heart failure expression, C2C12 myotubes were incubated with AICAR (2 mmol/L; Santa Cruz, Heidelberg, Germany), a specific activator of AMPK 24 for 24 h before FNDC5 mRNA was quantified by RT-PCR.
Protein analysis
Frozen quadriceps muscle was homogenized in ice cold lysis buffer (50 mmol/L Tris-HCl pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Triton X-100, and 0.2% SDS) containing protease inhibitor mix M (Serva, Heidelberg, Germany). Protein concentration was then determined using bovine serum albumin as a standard (bicinchoninic acid method, Pierce, Rockford, IL, USA), from which 10 μg of total protein was separated on a denaturing polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. To detect FNDC5 expression, a specific antibody [Abcam (ab93373), Cambridge, UK; 1:200 dilution] generated against the C-terminus of FNDC5 (AA 149-178) was applied, and after detection, blots were subsequently stripped and reprobed with an antibody against GAPDH (Hytest, Turku, Finland) that served as the housekeeping protein.
RNA isolation and quantification of mRNA expression
Total RNA was isolated from quadriceps muscle tissue or C2C12 cells and reverse transcribed into cDNA using random hexamers and Sensiscript reverse transcriptase (Qiagen, Hilden, Germany). An aliquot of the cDNA was used for quantitative RT-PCR, applying the light cycler system (Roche Diagnostics, Mannheim, Germany). The expression of specific genes was normalized to the expression of hypoxanthinphosphoribosyl-transferase-rRNA. The following primers and conditions were used: hypoxanthin-phosphoribosyltransferase, 5'-CTCATggACTgATTATggACAggAC-3' and 5'-gCAggTCAgCAAAgAACTTATAgCC-3' at 60°C annealing; PGC-1α, 5'-ggCAgTAgATCCTCTTCAAgATC-3' and 5'-TCACACggCgCT CTTCAATTg-3' at 57°C annealing; and FNDC5, 5'-AtgAAggAg ATggggAggAA-3' and 5'-gCggCAgAAgAgAgCTATAACA-3' at 57°C annealing.
Quantification of serum markers
Commercially available ELISA kits were used according to the manufacturer instructions to quantify serum TNF-α (USCN Life Science Inc., Wuhan, China), serum Ang-II (Enzo Life Science, Farmingdale, NY, USA), and serum irisin (Phoenix Pharmaceuticals Inc., Burlingame, CA, USA). Analysis was performed in duplicate.
Statistical analyses
SPSS version 16.0 (SPSS Inc, Chicago, IL, USA) was used for statistical analyses. Comparisons between groups were tested with an unpaired t-test or by analysis of variance. When data were not normally distributed or the variance was unequal, the Kruskal-Wallis non-parametric test was used (mRNA expression of PGC-1α in the cell culture experiments). Correlations analyses were performed by Pearson's correlation analysis. A value of P < 0.05 was considered statistically significant. Data are expressed as mean ± SEM.
Results
Hemodynamic variables, serum, and atrophy markers of chronic heart failure rats End-diastolic dimension, end-systolic dimension, enddiastolic volume, and end-systolic volume were increased (P < 0.05), but fractional shortening and ejection fraction were decreased (P < 0.05) in CHF compared with sham rats (Table 1 ). In addition, in the LAD-ligated animals compared with sham-operated animals, a significant increase in circulating Ang-II (sham: 144 ± 28 vs. CHF: 243 ± 28 pg/mL; P = 0.047; Table 1 ) and TNF-α (sham: 0.9 ± 0.3 vs. CHF: 10.0 ± 0.9 pg/ mL; P < 0.0001; Table 1 ) was evident, with a positive correlation between circulating concentrations of Ang-II and TNF-α (r = 0.49, P = 0.014). The concentration of circulating irisin as measured by ELISA was significantly reduced in LAD-ligated rats when compared with the sham-treated animals (CHF: 63 ± 2 vs. sham: 85 ± 4; P < 0.0001; Table 1 ). Correlations were seen between TNF-α and irisin (r = À0.59, P = 0.0013). Impact of chronic heart failure on skeletal muscle fibronectin type III domain containing 5 and PGC-1α
The FNDC5 mRNA expression in the quadriceps muscle was significantly reduced in CHF compared with sham rats (11.2 ± 1.2 vs. 19.6 ± 3.1 arb. units, P = 0.016; Figure 1A) . Alterations in mRNA expression were also confirmed at the protein level (CHF vs. sham: 0.54 ± 0.1 vs. 1.26 ± 0.22 arb. units, P = 0.009; Figure 1B ). The mRNA expression of PGC-1α, suggested to be a key regulator of FNDC5 expression, was also significantly reduced in CHF compared with sham (4.2 ± 0.5 vs. 8.2 ± 1.5 arb. units, P = 0.011; Figure 1C) . A positive correlation (r = 0.57, P = 0.002) was also observed between mRNA expression of PGC-1α and FNDC5 ( Figure 1D ). In addition, a negative correlation was evident between the serum concentration of TNF-α and the mRNA expression of FNDC5 (r = À0.55, P = 0.004) as well as PGC-1α (r = À0.51, P = 0.012), but no such correlation was observed for circulating Ang-II.
Impact of angiotensin II on skeletal muscle fibronectin type III domain containing 5 and PGC-1α
Angiotensin II infusion over 4 weeks resulted in a significant lower mRNA expression (501 ± 76 vs. 949 ± 178 arb. units, P = 0.014; Figure 2A ) and protein expression (0.94 ± 0.09 vs.
1.69 ± 0.29 arb. units, P = 0.013; Figure 2B ) of FNDC5 when compared with saline-infused mice, respectively. In addition, a lower PGC-1α mRNA expression was evident in Ang-II compared with saline-infused mice (89 ± 15 vs. 224 ± 48 arb. units, P = 0.004; Figure 2C ), which was correlated (r = 0.82, P < 0.0001) with the expression FNDC5 ( Figure 2D ).
Impact of tumour necrosis factor-α on skeletal muscle fibronectin type III domain containing 5
Compared with saline-injected mice, the TNF-α-injected group had a 53% reduction in FNDC5 at the mRNA level (337 ± 70 vs. FNDC5 expression in skeletal muscle in chronic heart failure 158 ± 25 arb. units, P = 0.026; Figure 3A ) and a 28% reduction (P < 0.05) at the protein level (3.62 ± 0.35 vs. 2.61 ± 0.19 arb. units, P = 0.022; Figure 3B ). Similarly, a significant reduction of PGC-1α was evident in the TNF-α-injected mice compared with controls (235 ± 45 vs. 415 ± 35 arb. units, P = 0.013; Figure 3C ). This resulted in a positive correlation (r = 0.63, P = 0.021) between mRNA expression of PGC-1α and FNDC5 ( Figure 3D ).
Impact of angiotensin II and cytokines on C2C12 myotube fibronectin type III domain containing 5 expression
Compared with control, incubating C2C12 myotubes with TNF-α, IL-1ß, or a combination of both resulted in a significant reduction of FNDC5 and PGC-1α mRNA expression, while, in contrast, Ang-II and IFN-γ had no influence ( Figure 4A and 4B ). This resulted in a positive correlation between mRNA expression of PGC-1α and FNDC5 (r = 0.68, P = 0.0001; Figure 4C ).
The cytokine-induced down-regulation of FNDC5 mRNA expression could be prevented by blocking the Akt, PKC, or the STAT-3 activation by specific inhibitors (Figure 5A-C) . Blocking the activation of the p42/44 MAPK or c-Jun Nterminal kinase no effect on cytokine-induced FNDC5 downregulation was evident ( Figure 5D and 5E). The blockage of the p38 MAPK activation only prevented the IL-1ß-induced FNDC5 down-regulation, whereas the TNF-α-induced modulation of FNDC5 expression was not affected. With respect to the involvement of AMPK activation in FNDC5 regulation, the activation of AMPK by AICAR resulted in a significant reduction of FNDC5 (control: 11.3 ± 1.1 vs. AICAR incubation: 5.9 ± 0.8 arb. units, P < 0.05).
Discussion
This study utilized a range of animal models and cell culture experiments, in order to investigate and delineate between potential mechanisms modulating the expression of FNDC5 expression in skeletal muscle. The main findings from this study were the following: (i) the expression of FNDC5 in skeletal muscle and circulating irisin was significantly reduced by CHF; (ii) administration of either TNF-α or Ang-II to mice significantly lowered FNDC5 skeletal muscle expression; (iii) treatment with pro-inflammatory cytokines (i.e. TNF-α and IL-1ß), but not Ang-II, down-regulated FNDC5 expression in myotubes by activating the Akt, PKC, and STAT-3 pathway; and (4) a lower PGC-1α expression was associated with reduced FNDC5 expression in all experimental conditions. Collectively, these results provide novel evidence suggesting that decreased expression of skeletal muscle FNDC5 in CHF is likely modulated by inflammatory cytokines and/or Ang-II via the down-regulation of PGC-1α.
Fibronectin type III domain containing 5 expression in chronic heart failure Despite CHF being initiated by a myocardial injury, the peripheral organs are now established to also mediate heart failure symptoms and pathophysiology. 25, 26 Nevertheless, it still remains unclear how impairments in the myocardium trigger alterations in gene expression and function of the peripheral organs, for example, skeletal muscle or adipose tissue. One suggestion postulates that a network of soluble factors, secreted either by the heart or by the peripheral organs, is important for this crosstalk. A potential mechanism may relate to the molecule FNDC5-originally discovered as a peroxisomal protein linked to myoblast differentiation. 27 Skeletal muscle FNDC5 has been described as a skeletal muscle signalling molecule influencing energy homeostasis. Suggested to be up-regulated by PGC-1α, 9 FNDC5 is proteolytically cleaved to form the hormone irisin, which is secreted into the blood. Irisin has been suggested to directly influence energy expenditure by stimulating browning of adipose tissue and uncoupling protein 1 expression. 9 However, whether PGC-1α is the main regulator of FNDC5 expression is still a matter of debate.
In the present article, we describe for the first time that skeletal muscle FNDC5 expression and circulating irisin are FNDC5 expression in skeletal muscle in chronic heart failure significantly reduced in an animal model 7 weeks after LAD ligation and this reduction is likely cytokine and/or Ang-II mediated. Our findings of reduced skeletal muscle FNDC5 expression in the LAD ligation model supports a recent study, which despite failing to employ a control group, demonstrated that patients with a lower VO2peak (≤14 mL/kg/min) exhibited a reduced FNDC5 and PGC-1α expression in skeletal muscle compared with patients with a higher VO2peak (>14 mL/kg/min). 12 The precise reason underlying this reduction in skeletal muscle FNDC5 expression in CHF remains unknown, however.
A potential explanation may relate to the catabolic state observed in CHF, 28 where an increase in muscle protein degradation occurs via several molecular mechanisms, such as activation of the proteasome systems and impaired energy homeostasis. [29] [30] [31] The FNDC5 gene, which is suggested to be PGC-1α activated, modulates the browning of adipocytes and is related to muscle mass by regulating the follistatin/ myostatin system. 13, 14 In a catabolic state, therefore, it would seem deleterious to waste energy in the form of increasing metabolism by transforming white adipose tissue into brown adipose tissue. This suggests that a reduced FNDC5 expression in catabolic states such as CHF may act as a protective mechanism, by preserving energy homeostasis via slowing the browning of adipocytes. The down-regulation of FNDC5 expression in CHF could even be regarded as an adaptive response to prevent energy loss. Another potential explanation may be linked to the regulation on muscle mass, potentially via the follistatin/myostatin pathway. In a study performed by Vamvini and colleagues, a positive correlation between muscle FNDC5 expression and follistatin, a negative regulator of myostatin, was detected.
14 Therefore, one may postulate that a reduced expression of FNDC5 leads to a reduced expression of follistatin (inhibitor of myostatin), which eventually caused a reduction in muscle mass-a phenomenon often observed in heart failure. 32 The relation between myostatin and FNDC5/irisin is further supported by the observation that myostatin knockout drives browning of white adipose tissue through up-regulation of FNDC5/irisin. 33 Regulation of fibronectin type III domain containing 5 expression by inflammatory cytokines and angiotensin II The present study demonstrates for the first time that inflammatory cytokines (short-term exposure of 24 h) and Ang-II (long-term exposure of 4 weeks) led to a significant reduction of FNDC5 expression in the skeletal muscle. Consistent with previous findings, 9,13,15 we found that PGC-1α was important for regulating FNDC5 expression and this was confirmed for all the animal and cell culture conditions. It is intriguing that in the animal models, both inflammatory cytokines and Ang-II could mimic the reduction of skeletal muscle FNDC5 expression induced by CHF, whereas only cytokines had this effect in the cell culture experiments.
It is now well appreciated that inflammatory cytokines and Ang-II are significantly up-regulated in CHF. [34] [35] [36] Based on this knowledge and the results obtained in the present study, we suggest that the reduction in FNDC5 in CHF is mediated via initial increased Ang-II, which subsequently triggers an increased inflammation. In support of this, it has been observed that infusion of Ang-II in mice induces the expression of IL-6 and that Ang-II-induced muscle wasting is dependent on IL-6. 37 This hypothesis suggests that Ang-II would first need to induce the production of inflammatory cytokines, which, via a PGC-1α-dependent step, may directly decrease the expression of FNDC5. This suggestion is supported by our data, where incubating skeletal myotubes for 24 h with Ang-II had no effect on FNDC5 expression, whereas 4 weeks of Ang-II infusion in the mouse caused a significant reduction. Furthermore, the correlation between circulating Ang-II and TNF-α as well as between circulating TNF-α and the muscular expression of PGC-1α or FNDC5 is in favour of this hypothesis.
With respect to the intracellular signalling cascade inhibition, experiments clearly documented that activation of Akt, PKC, and the Janus kinase/STAT-3 pathway are involved in the cytokine-mediated reduction in FNDC5 expression ( Figure 5 ). In addition, the activation of AMPK also leads to a reduction of FNDC5 expression, confirming the results reported by Shan and colleagues. FNDC5 expression in skeletal muscle in chronic heart failure
Study limitations
It would have been of additional information to analyse white adipose tissue with respect to the expression of markers for the browning of the adipose tissue. The decrease of markers, such as uncoupling protein 1 or Cidea 9, in the adipose tissue in CHF animals, would have provided evidence that the reduced FNDC5 expression in the skeletal muscle and reduced circulating irisin also influenced adipose tissue. Unfortunately, these tissues were not collected when animals were sacrificed. It also remains unknown whether all the changes associated with FNDC5 expression reported in mice are wholly translated to humans. 38 Finally, cell culture experiments require cytokine or Ang-II concentrations, which are above what is usually detected in vivo. The reason for this discrepancy between in vivo measured concentrations and the concentrations required to stimulated muscle cells in vitro is not clear. Nevertheless, looking into the current literature, the concentrations used for our in vitro cell culture studies are in accordance with stimulating myocytes.
21,39,40
Conclusions
The present investigation demonstrated that skeletal muscle FNDC5 expression is reduced in CHF, which was associated with a down-regulation of PGC-1α. This reduction in FNDC5 expression appeared to be mediated by an increase in circulating inflammatory cytokines and/or Ang-II. The decrease of skeletal muscle FNDC5 expression in CHF may act as a protective mechanism either by slowing the browning of adipocytes and preserving energy homeostasis or by regulating muscle atrophy (see Figure 6 for a hypothetical model).
